Focusing on the underlying ecological mechanisms of dominant species regeneration in forest gaps at a landscape scale can provide detailed understanding for gap-based forest management. The individual effects of forest gaps or elevation on the regeneration of Abies faxoniana Rehd. et Wils. are well known, although elucidating how gap characteristics and elevation concurrently influence regeneration remains an important challenge. In this paper, we present an explorative study using structural equation models (SEMs) to assess the direct and indirect effects of forest gaps and elevation on Abies faxoniana Rehd. et Wils. regeneration. Four of the predicted SEMs showed the following results: (1) Temperature, photosynthetic photon flux density (PPFD), soil total carbon, gap openness, shrub layer cover, herb layer cover, and moss layer thickness in forest gaps were associated with Abies faxoniana regeneration along an elevation gradient in subalpine coniferous forest. (2) Elevation had a generally negative and indirect effect on Abies faxoniana regeneration. Forest gaps positively affected regeneration when compared with non-gap plots and gap size was positively related to small tree regeneration density and the ratio of height to diameter at breast height (HD ratio) of the tallest Abies faxoniana small trees but was negatively related to Abies faxoniana sapling regeneration density. (3) In forest gaps, the Abies faxoniana sapling density and HD ratio of the tallest Abies faxoniana small trees were mainly indirectly influenced by elevation, and Abies faxoniana small tree regeneration density was directly associated with the dominance of the sapling regeneration density. In summary, Abies faxoniana regeneration was negatively and largely affected by elevation (total effect), although forest gaps enhanced Abies faxoniana regeneration by multiple pathways (direct and indirect effects).
Introduction
Forest gaps create important spaces for forest regeneration by modifying microclimate and resource availability [1, 2] . In many forests, these gaps not only play the role of resource "hot spots" during the forest growth cycle but also help maintain the late succession of forests [3] . In recent decades, to meet sustainable forest ecosystem functions (e.g., diversity and resilience) and silvan economic benefits (e.g., timber production) [4, 5] , forest ecologists and managers have increasingly emphasized new silvicultural concepts that imitate natural disturbances for forest management [6, 7] . Gap-based silviculture is an intuitive and effective approach for promoting plant regeneration in the majority of mature forests and has been extensively documented in proposals for forest management [8, 9] .
In this way, forest gaps are thought to play an important role in the natural regeneration and sustainable development of forest ecosystems.
Many studies have focused on gap characteristics and their relationships to regeneration [3, 10] . As an important factor of gap characteristics that determines species composition, understanding the effect of gap size on natural regeneration has attracted the attention of many researchers [11] [12] [13] . In general, gap size is considered an important and direct influence on resource sequestration, gap microclimate and vegetation growth in a forest gap [14] [15] [16] [17] . Additionally, as an important geographical factor, elevational gradients have predictable changes in numerous environmental factors (e.g., temperature and solar radiation) altitudinally on a single mountain, but also have remarkable influence on plant regeneration along with these environmental drives [14] . However, despite numerous studies conducted to describe the relationship between gap characteristics and regeneration in various forest ecosystems [18, 19] , most of the studies on forest gaps have either focused on gaps created at the same altitude or ignored the altitude factor [20] . Although gaps formed at high elevations are more difficult to measure, they are also important for the regeneration and release of plants [21] . In particular, forest management has a real and urgent need for studying the influence of elevation on regeneration because many gap phase forests in temperate forests throughout the world occur in mountainous regions [14, 20] .
Our study area provided a unique opportunity to study forest gaps and their effects on natural regeneration over a typical range of elevations and gap size classes because of the terrain conditions [22] . In the subalpine region of southwestern China, widespread coniferous forests have provided an important economic resource (i.e., ecological tourism) and have acted as important ecological refuges along the upper reaches of the Min River [23] . Simultaneously, coniferous forests have also experienced different degrees of disturbance from natural events [22, 23] . In this respect, research on forest gaps could be regarded as necessary for the sustainable development of forest ecosystems in our study area.
The study of the dominant species regeneration across different life stages from seedlings to small tree within and among gaps is important for determining the influence of gaps on long-term regeneration succession [24, 25] . Abies faxoniana Rehd. et Wils. is one of the dominant tree species observed along the elevation gradient (2800-3800 masl) of subalpine mature coniferous forests in southwestern China. Regeneration is restricted by many factors (e.g., temperature and soil) in forests [22, 23] . Therefore, Abies faxoniana saplings and small trees are typically rare in mature subalpine coniferous forests [22, 25] , and comprehensive research is needed to understand in detail the mechanisms of affecting their natural regeneration. Several studies have shown the effects of gaps on regeneration during different life stages [2, 26, 27] . However, few reports have focused on the subject of subalpine coniferous forest gaps along an elevation gradient and considered the distinction in resource demand (e.g., light) on a species' architectural development [27] .
Moreover, although many studies have evaluated the effects of elevation or forest gaps on plant regeneration [16, 23, 28] , the methodology is still a considerable limitation for exploring the internal mechanisms in current forest gap studies. For example, the influence of abiotic factors on regeneration is simultaneously induced by elevation and forest gaps. Separating the effects of elevation on regeneration from the effects of forest gaps is difficult [29] . Multiple regression analyses do not allow for the investigation of the direct and indirect effects of elevation, forest gaps, biotic factors and abiotic factors on regeneration; however, a structural equation model (SEM), which is also known as a path analysis, alleviates this problem. SEM is also an extension of the general linear model (GLM), which enables evaluating a network of dependence relationships through the analysis of covariance [29, 30] . The general methodology of SEM enables the testing of a hypothesis that infers causation with observational data [31] . Direct pathways represent the path model consistent with the data while indirect pathways between variables are those involving intermediary variables [30, 31] . More introductory discussion and practical issues of SEM were described by Kubota et al. [29] , Gough et al. [31] and Grace et al. [30] . In conclusion, the use of SEM enables us to determine how Abies faxoniana regeneration is affected by forest gaps and elevation in a subalpine coniferous forest. Therefore, the main purpose of using SEM is to elucidate the complicated ecological processes of forest gaps and elevation effects on Abies faxoniana regeneration. Accordingly, we tested the effects of gap/non-gap plots, gap size and elevation on Abies faxoniana regeneration in a subalpine coniferous forest in southwestern China. Our hypothesis was that the variables of habitat characteristics and elevation cause microenvironment heterogeneity and thus affect Abies faxoniana regeneration at a landscape scale [3, 15, 28, 29, 32] . In short, this paper proposes a simple and reliable quantitative method for assessing Abies faxoniana regeneration based on 34 plots distributed along an elevation gradient in a subalpine coniferous forest under a "direct effects and indirect effects" analytical framework.
Specifically, we aimed to answer the following questions: (1) Which endogenous variables are affected by habitat characteristics and/or elevation in our study? (2) How do habitat characteristic and elevation relate to biotic factors (e.g., ground shrub cover, herb layer cover, and moss layer), abiotic factors (excluding exogenous variables (forest gap and elevation), e.g., mean annual temperature, photosynthetic photon flux density (PPFD), and soil properties), and Abies faxoniana regeneration? (3) What is the key factor (largest total effect on Abies faxoniana regeneration in SEM) during the succession regeneration of Abies faxoniana in forest gap along the elevation in our study? Based on our results, several implications related to forest management and providing the best and sustainable development conditions for the regeneration of Abies faxoniana are also discussed.
Materials and Methods

Study Site
The study was conducted within the Wolong National Nature Reserve in a subalpine mature coniferous forest in southwestern China (Figure 1 ). Forest gaps were selected in a 4.8 ha study area that ranged from 30 • 49 N to 30 • 50 N in latitude and from 102 • 56 E to 102 • 57 E in longitude and had an elevation span of 3000-3700 m. Alpine valleys are the main geomorphic feature, and the climate is subtropical inland and mountainous with a mean annual temperature of 8.4 • C and a mean annual rainfall of 861.8 mm. The parent rock in brown coniferous forest soil is weathered killas and has a pH value that ranges from 3.9 to 5.0. The study area is in an old-growth forest (i.e., a history of natural disturbance, old-growth structures and little or no anthropogenic influence). In this old-growth forest, self-thinning or other small-scale natural disturbances (e.g., wind and snowfall) are common causes of gap formation [22] . Abies faxoniana is the dominant species along the elevation (3000-3700 masl) in this mature subalpine coniferous forest in southwestern China. At middle and low altitudes, dominant companion tree species are Betula utilis D. Don and Acer maximowiczii Pax. With a decline in the elevation gradient, shrubs are mainly Rhododendron faberisp. Prattii MMAT: monthly mean air temperature (°C); AMAT: annual mean air temperature; AMST: annual mean soil temperature (0-5 cm); AP: annual mean precipitation (mm); AT: air temperature; ST: soil temperature (0-5 cm); NR: net radiation; GR: global radiation; PAR: photosynthetically active radiation; ANR: Annual total net radiation; AGR: Annual total global radiation; APAR: Annual total photosynthetically active radiation.
Experimental Design
We investigated two main habitat characteristics in our study: gap heterogeneity (forest gaps or non-gap plots, also called control check plots (CK plots)); and gap size (small gaps, medium gaps and large gaps). Gap characteristics include gap area, gap age, and gap openness. All sampling was conducted during August and September of 2014 and 2015. Through a typical sampling investigation, we studied 34 plots (26 gaps (Nlarge = 9; Nmedium = 9; Nsmall = 8) and 8 plots in the understory of a closed forest as CK) in total, which were distributed along an elevation gradient (3000-3700 masl). At each 100 m elevation interval, we selected at least 3 plots (small gaps, medium gaps and large gaps, respectively) randomly, which were established in the study area. Furthermore, at each 100 m elevation interval, we also set a CK plot (10 m × 10 m) at least 10 m away from gaps in the forest. All gaps were defined as canopy openings with areas exceeding 4 m 2 that had a gap maker tree [33] , and where small regeneration trees in the gaps had not yet reached the base of the canopy layer at gap borders [34] . The longest axis and the perpendicular axis of each gap were measured for calculating the area [2] . The species, quantity, basal diameter, and formation mode were recorded for the gap 
We investigated two main habitat characteristics in our study: gap heterogeneity (forest gaps or non-gap plots, also called control check plots (CK plots)); and gap size (small gaps, medium gaps and large gaps). Gap characteristics include gap area, gap age, and gap openness. All sampling was conducted during August and September of 2014 and 2015. Through a typical sampling investigation, we studied 34 plots (26 gaps (N large = 9; N medium = 9; N small = 8) and 8 plots in the understory of a closed forest as CK) in total, which were distributed along an elevation gradient (3000-3700 masl). At each 100 m elevation interval, we selected at least 3 plots (small gaps, medium gaps and large gaps, respectively) randomly, which were established in the study area. Furthermore, at each 100 m elevation interval, we also set a CK plot (10 m × 10 m) at least 10 m away from gaps in the forest. All gaps were defined as canopy openings with areas exceeding 4 m 2 that had a gap maker tree [33] , and where small regeneration trees in the gaps had not yet reached the base of the canopy layer at gap borders [34] .
The longest axis and the perpendicular axis of each gap were measured for calculating the area [2] . The species, quantity, basal diameter, and formation mode were recorded for the gap maker trees. The estimates were also used to determine each gap's probable age with the highest level of gap maker decomposition [3] . The characteristics of the gap border trees were also recorded with the same method as the gap makers for each gap. The regeneration plants, which were shorter than 2/3 of the forest canopy layer, were investigated in the gaps and CK plots through a census. We recorded plant parameters including the species, quantity, height, diameter at breast height (DBH), and age. Other gap fillers in the shrub layer and herb layer were designated by their species, quantity, height, and cover degree. The shrub cover was estimated in a quadrat (5 m × 5 m), while the herb cover and the moss layer thickness were estimated in three randomly selected subplots (1 m × 1 m) in each plot (gaps and CK plots) [22] .
The air temperature was measured every 2 h in the center of each plot using an iButton recorder (iButton DS1923-F5, Maxim/Dallas Semiconductor, Sunnyvale, CA, USA) from 20 August 2014 to 2 September 2015. Mean annual temperature data were based on a combination of field monitoring data and estimations from the regression equation of elevation-temperature plots (slope = −0.003, R 2 = 0.93) (Appendix A, Figure A1 ) [35] . The data for the instantaneous above-canopy photosynthetic photon flux density (PPFD) (LI-190SB, LI-COR, Inc., Lincoln, NE, USA), which was measured under completely overcast sky conditions, were stable and exhibited a good correlation with the growing season PPFD [36, 37] . Next, the PPFD was measured at 1 m above the forest floor under completely overcast sky conditions in the middle of the samples sites in our study, and any vegetation shading of the sensor was avoided before the reading was recorded. We collected three random soil samples beneath the litter layer at a depth of 0-10 cm in each plot, and the samples were stored in clean airtight Ziploc bags. In total, 103 soil samples were collected, and at least 250 g was obtained at each sampling point. Soil samples were air-dried for three weeks at room temperature. The soil properties (i.e., soil water content, pH, total organic carbon (C), and total nitrogen (N)) were measured in each sampling quadrat. Plant debris, roots and stones were removed from soil, and the water content was determined with the oven drying method. The soil pH was measured in a 1:5 mixture of soil to deionized water. The analyses of soil total C and total N were measured using a Vario EL III analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).
Data Processing and Analysis
We divided the elevation range from 3000 masl to 3700 masl into 7 elevation intervals (100 m per elevation gradient). Additionally, we divided the four habitats into small gap (4-100 m 2 ), medium gap (101-200 m 2 ), large gap (201-410 m 2 ) and CK plots (100 m 2 ). Following Runkle's [38] proposal to calculate gap area when the gap shape was an ellipse, we used the formula [38] :
where A represents the area of an ellipse, L represents the average values of the long axes, and W represents the average values of the short axes. The formula for the area of a circle was used when the difference between the length of longest axis and the length of the perpendicular axes in a gap was less than 1 m, and the gap area was calculated with the mean value of the axes as the radius. For the gap openness, a measurement was performed using the ratio between the average gap diameter and the height of the tallest gap border tree [15] . To assess the recruitment density based on the competition for light capture in different age groups [27] , the regeneration height was classified into two groups-saplings (height: 0.05 m < h ≤ 0.5 m), and small trees (height: 0.5 m < h ≤ 5.2 m)-based on linear regression analysis (Appendix A, Figure A2 ).
The following parameters were assigned as exogenous variables: habitat characteristics and elevation gradient. The endogenous variables were biotic factors (e.g., cover of ground shrub, herb layer, and moss layer), abiotic factors (excluding the exogenous variables, e.g., mean annual temperature, PPFD, and soil properties), and the regeneration of Abies faxoniana (e.g., HD ratio of the tallest small trees, and density of saplings and small trees). To calculate each endogenous variable, we used descriptive statistics (Table 1) . A multivariate analysis of variance (MANOVA) analysis was used to test the effects of endogenous variables on exogenous variables. A Duncan test was used to identify the multiple comparisons (after testing for a normal distribution and homogeneity of variance). Pearson correlations were used to test the relationship between biotic/abiotic factors and Abies faxoniana regeneration. Significance level was set at p < 0.05. Bonferroni-adjusted was applied to compensate for multiple testing and the descriptive statistics in this article are described using the mean ± SE (standard error). Table 1 . Descriptive statistics for all variables used for the MANOVA analyses and structural equation model (SEM) analyses in our gap study of a subalpine coniferous forest (mean ± SE). The exogenous variables are denoted by * and the endogenous variable are denoted by #. DS, DST, and HDR represent density of Abies faxoniana Rehd. et Wils. saplings, density of Abies faxoniana small trees, and the ratio of height to diameter at breast height (HD ratio) of the tallest Abies faxoniana small trees, respectively; CK represents control check plots (non-gap plots).
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Structural Equation Modeling
Structural equation modelling (SEM) is an extension of the general linear model (GLM) and ideal for studying the correlation and causation among variables of complex system [29] . We used SEM to analyze the direct and indirect predictors of Abies faxoniana regeneration [39] . Initially, we developed an a priori hypothetical model based on theoretical and empirical evidence. In the model (Figure 2 ), we hypothesized that the variations in Abies faxoniana regeneration could be explained by the direct and indirect effects of exogenous variables (habitat characteristics and elevation), and biotic and abiotic conditions, such as the ground herbs cover (%) and mean annual temperature ( • C) [15, 28] . Second, all conditional independence claims present between variables (gap characteristics, elevation, environmental factors, and Abies faxoniana regeneration) were identified and tested to determine whether the hypothesized pathways could reflect variation present in the data by using directional separation tests. Subsequently, the hypothesized candidate models with significance pathways were compared [29] . Based on the analysis, we identified the fit of working models by: (1) a non-significant χ 2 test (p > 0.05); (2) GFI (Goodness Fit Index) and CFI (Comparative Fit Index) > 0.9; and (3) a lower 90% confidence intervals of root mean square error of approximation (RMSEA) < 0.05 [39, 40] . Next, we selected a more suitable model from working models using the lowest Akaike's information criterion (AIC) value. A smaller AIC value indicate that the number of parameters is more parsimonious in SEMs, and it is defined as follows:
where q represents the number of parameters in the fitted model [29] . Lastly, the standard pathway coefficient (β) and p value were used to assess the significance of each independent variables in the final model. Modification indices were used to improve the adequacy of model. The R 2 values show the variance of each dependent variable due to the effect of the other variables [29] . The total effects, direct effects and indirect effects of gap characteristics, elevation, biotic factors and abiotic factors on Abies faxoniana regeneration were evaluated. All SEM analyses were performed in Amos 22.0 (SPSS Inc., Chicago, IL, USA). where q represents the number of parameters in the fitted model [29] . Lastly, the standard pathway coefficient (β) and p value were used to assess the significance of each independent variables in the final model. Modification indices were used to improve the adequacy of model. The R 2 values show the variance of each dependent variable due to the effect of the other variables [29] . The total effects, direct effects and indirect effects of gap characteristics, elevation, biotic factors and abiotic factors on Abies faxoniana regeneration were evaluated. All SEM analyses were performed in Amos 22.0 (SPSS Inc., Chicago, IL, USA). In our best models, the dependent variables were the regeneration sapling and small tree densities (N m −2 ) of Abies faxoniana and the ratio of height to DBH of the tallest small trees (HD ratio). The independent variable of gap heterogeneity was coded as gap = 1 and CK = 0, and the other independent variables were gap area (m 2 ) and elevation (m). The biotic and abiotic factors acted as both dependent variables and independent variables, for instance, the PPFD (dependent variable) varied with the elevation (independent variable), and PPFD (independent variable) also influenced Abies faxoniana regeneration (dependent variable).
Results
Gap Heterogeneity, Elevation Gradient and Independent Variables
The results for the MANOVA (Table 2) showed that the abiotic variable of PPFD in the gaps was significantly higher than that in the plots from the forest understory (F = 406.434, p < 0.001). Although an increasing trend was observed from the forest understory (1.50 °C ± 0.23) to the gaps (1.62 °C ± 0.13), the mean annual temperature was not significantly different between forest gaps and non-gap plots (F = 0.754, p = 0.570). The soil properties, moss thickness, shrub cover and herb cover in the forest understory were similar to those in the gaps ( Table 2 ). The variables for the regeneration density of Abies faxoniana saplings and regeneration density of Abies faxoniana small trees in gaps were significantly higher than those in the forest understory (Table 2 and Figures 3 and 4A) . Moreover, significant correlations were observed between the regeneration densities of Abies faxoniana small trees and saplings (R 2 = 0.719, p < 0.001), among the HD ratios of the tallest Abies faxoniana small trees (R 2 = 0.735, p < 0.001), and between the HD ratio of the tallest Abies faxoniana small trees and shrub coverage (R 2 = 0.655, p < 0.001).
The soil properties, such as the soil total N (F = 0.273, p = 0.927) and soil total C (F = 1.185, p = In our best models, the dependent variables were the regeneration sapling and small tree densities (N m −2 ) of Abies faxoniana and the ratio of height to DBH of the tallest small trees (HD ratio). The independent variable of gap heterogeneity was coded as gap = 1 and CK = 0, and the other independent variables were gap area (m 2 ) and elevation (m). The biotic and abiotic factors acted as both dependent variables and independent variables, for instance, the PPFD (dependent variable) varied with the elevation (independent variable), and PPFD (independent variable) also influenced Abies faxoniana regeneration (dependent variable).
Results
Gap Heterogeneity, Elevation Gradient and Independent Variables
The results for the MANOVA (Table 2) showed that the abiotic variable of PPFD in the gaps was significantly higher than that in the plots from the forest understory (F = 406.434, p < 0.001). Although an increasing trend was observed from the forest understory (1.50 ± 0.23 • C) to the gaps (1.62 ± 0.13 • C), the mean annual temperature was not significantly different between forest gaps and non-gap plots (F = 0.754, p = 0.570). The soil properties, moss thickness, shrub cover and herb cover in the forest understory were similar to those in the gaps ( Table 2 ). The variables for the regeneration density of Abies faxoniana saplings and regeneration density of Abies faxoniana small trees in gaps were significantly higher than those in the forest understory (Table 2 and Figures 3 and 4A) . Moreover, significant correlations were observed between the regeneration densities of Abies faxoniana small trees and saplings (R 2 = 0.719, p < 0.001), among the HD ratios of the tallest Abies faxoniana small trees (R 2 = 0.735, p < 0.001), and between the HD ratio of the tallest Abies faxoniana small trees and shrub coverage (R 2 = 0.655, p < 0.001). (F = 2.43, p = 0.174) was not significantly different among the elevation gradients. All studied biotic variables presented significant differences with elevation in our study ( Figure 3B ). Figure 3 . Data of Abies faxoniana regeneration (density of Abies faxoniana saplings, density of Abies faxoniana small trees, and the HD ratio of the tallest Abies faxoniana small trees) in different habitats (forest and different gap size) for the study area in a subalpine coniferous forest.
LG, MG, and SG represent a large gap, medium gap, and small gap, respectively. CK represents non-gap plots. Different letters denote significant difference between treatments (Bonferroni-adjusted p-values < 0.01) by Duncan test. 
Gap Size, Elevation Gradient and Independent Variables
Gaps presented significantly higher openness increments (F = 5.985, p = 0.044), and varied from 0.97 ± 0.10 (small gap) to 1.63 ± 0.16 (large gap) (Appendix, Figure A3B ). The gap size affected the regeneration density of Abies faxoniana small trees in the gaps (F = 38.494, p = 0.001), whereas the gap age, Abies faxoniana sapling density, HD ratio of the tallest Abies faxoniana small trees, PPFD, mean annual temperature, soil total C, soil total N, shrub cover, herb cover and moss thickness did not present statistically significant differences in different size gaps (Table 2 and Figures 4C and A3C) . In forest gaps, a significant correlation was observed between the Abies faxoniana sapling density and herb coverage (R 2 = 0.785, p < 0.001).
For gaps, the results of the MANOVA (Table 2) showed that the mean annual temperature (F = 157.861, p < 0.001), shrub cover (F = 20.784, p = 0.002), herb cover (F = 21.057, p = 0.002) and moss thickness (F = 5.536, p = 0.028) significantly decreased along the elevation gradient ( Figure 4D ). High elevation significantly decreased the regeneration density of saplings (F = 25.887, p = 0.001), small trees (F = 27.657, p = 0.001) and the HD ratio of the tallest Abies faxoniana small trees (F = 10.443, p = 0.010). Neither the gap characteristics nor the soil properties of the gaps were significantly affected by elevation in our study ( Figure 4D ). The soil properties, such as the soil total N (F = 0.273, p = 0.927) and soil total C (F = 1.185, p = 0.436), were also similar in the plots along the altitude. Compared with the mean annual temperature (F = 140.654, p < 0.001), although a clear gradient was observed along the elevation gradient, the PPFD (F = 2.43, p = 0.174) was not significantly different among the elevation gradients. All studied biotic variables presented significant differences with elevation in our study ( Figure 4B ).
Gaps presented significantly higher openness increments (F = 5.985, p = 0.044), and varied from 0.97 ± 0.10 (small gap) to 1.63 ± 0.16 (large gap) (Appendix A, Figure A3B ). The gap size affected the regeneration density of Abies faxoniana small trees in the gaps (F = 38.494, p = 0.001), whereas the gap age, Abies faxoniana sapling density, HD ratio of the tallest Abies faxoniana small trees, PPFD, mean annual temperature, soil total C, soil total N, shrub cover, herb cover and moss thickness did not present statistically significant differences in different size gaps (Table 2 and Figures 4C and A3C) . In forest gaps, a significant correlation was observed between the Abies faxoniana sapling density and herb coverage (R 2 = 0.785, p < 0.001).
For gaps, the results of the MANOVA (Table 2) showed that the mean annual temperature (F = 157.861, p < 0.001), shrub cover (F = 20.784, p = 0.002), herb cover (F = 21.057, p = 0.002) and moss thickness (F = 5.536, p = 0.028) significantly decreased along the elevation gradient ( Figure 4D ). High elevation significantly decreased the regeneration density of saplings (F = 25.887, p = 0.001), small trees (F = 27.657, p = 0.001) and the HD ratio of the tallest Abies faxoniana small trees (F = 10.443, p = 0.010). Neither the gap characteristics nor the soil properties of the gaps were significantly affected by elevation in our study ( Figure 4D ).
Relationship between Indicators and Abies faxoniana Regeneration in SEM
The reasonably good fit of many models indicated that our conceptual model adequately describes the complicated relationships among the variables. The optimal mode was composed of gap heterogeneity, plot area (including gap area and the plots in the forest understory), elevation, PPFD, mean annual temperature, soil total C, herb cover, shrub cover, moss thickness, sapling and small tree density, and the HD ratio of the tallest Abies faxoniana small trees (Table 3) . In the study, many variables, such as the regeneration density of Abies faxoniana saplings (0.72 ± 0.06 N m −2 ), density of Abies faxoniana small trees (0.46 ± 0.05 N m −2 ), PPFD (266.19 ± 3.65 µmol m −2 s −1 ), and shrub cover (0.40 ± 0.05%) in forest gaps, were elevated relative to the CK plots. Gap openness and the regeneration density of small trees increased with the increase in gap size (Table 1 and Figures 5 and A3B) . The mean annual temperatures, shrub cover, herb cover, and moss thickness decreased along the elevation gradient ( Figure 5 ). Table 3 . Values of the fit indices of four structural equation models for Abies faxoniana regeneration in a subalpine coniferous forest. For information associated with Models A, B, C, and D see Figure 5 . DF, RMSEA, GFI and CFI represent degree of freedom, root mean square error of approximation, goodness fit index and comparative fit index, respectively. 
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The reasonably good fit of many models indicated that our conceptual model adequately describes the complicated relationships among the variables. The optimal mode was composed of gap heterogeneity, plot area (including gap area and the plots in the forest understory), elevation, PPFD, mean annual temperature, soil total C, herb cover, shrub cover, moss thickness, sapling and small tree density, and the HD ratio of the tallest Abies faxoniana small trees (Table 3) . In the study, many variables, such as the regeneration density of Abies faxoniana saplings (0.72 N m −2 ± 0.06), density of Abies faxoniana small trees (0.46 N m −2 ± 0.05), PPFD (266.19 μmol m −2 s −1 ± 3.65), and shrub cover (0.40% ± 0.05) in forest gaps, were elevated relative to the CK plots. Gap openness and the regeneration density of small trees increased with the increase in gap size (Table 1 and Figures 5 and  A3B ). The mean annual temperatures, shrub cover, herb cover, and moss thickness decreased along the elevation gradient ( Figure 5 ). Table 3 . Values of the fit indices of four structural equation models for Abies faxoniana regeneration in a subalpine coniferous forest. For information associated with Model A, B, C, and D see Figure 5 . DF, RMSEA, GFI and CFI represent degree of freedom, root mean square error of approximation, goodness fit index and comparative fit index, respectively.
Models
Model Figure 5 . Data of biotic factors (shrub layer cover, herb layer cover, and moss layer thickness) in gaps for the study area in a subalpine coniferous forest along elevation (3000-3700 m). Error bars represent standard error.
Of the pathways present in the best models (Figure 6 ), all were consistent with our conceptual model. Overall, the explanation degree of the HD ratio of the tallest Abies faxoniana small trees and the regeneration densities of saplings and small trees were no less than 40%, which was explained by other variables in the best models. The strong correlation between variables indicates that forest gaps and elevation had an influence on the abiotic factors, biotic factors, and regeneration.
The total impact of the direct and indirect effects of HD ratio attributes of the tallest small trees and the regeneration densities of saplings and small trees was used to compare the relative Figure 5 . Data of biotic factors (shrub layer cover, herb layer cover, and moss layer thickness) in gaps for the study area in a subalpine coniferous forest along elevation (3000-3700 m). Error bars represent standard error.
The total impact of the direct and indirect effects of HD ratio attributes of the tallest small trees and the regeneration densities of saplings and small trees was used to compare the relative importance of causal factors (Table 4) . For example, the total effect of gap size on the density of small trees can be derived from paths leading directly from the gap area to the density of small tree, as well as from the gap openness or the density of saplings (indirect effects). The regeneration density of saplings amounted to the largest total effect (0.715) on the regeneration density of small trees, although the gap area (0.653) was also significant. The regeneration density of small trees among gaps was primarily influenced by the density of saplings (total effect = 0.715) followed by the gap area (0.653), elevation (−0.585), mean annual temperature (0.44), and shrub cover (0.194).
Discussion
Our findings revealed the relationships among habitat characteristics, biotic factors, abiotic factors, and Abies faxoniana regeneration in forest gaps along the elevation. First, according to the initial results almost all of the biotic factors exerted a direct and positive effect on Abies faxoniana regeneration in our study. Second, compared with the biotic factors, the effect of abiotic factors on Abies faxoniana regeneration showed a complex ecological process that involved more additional factors and indirect effects. Third, the SEM explicitly predicted attributes by providing circumstantial direct/indirect effects analysis.
Effect of Biotic Factors on Abies faxoniana Regeneration
Many studies have indicated a negative relationship between sapling regeneration density and vegetation cover because of the existing competition [22, 41, 42] . However, Tirado and Pugnaire [43] indicated that positive plant-plant interactions (facilitation) occurred in constraining environments, and the impacts of facilitation are receiving increasing attention in community ecological research [44, 45] . Our findings concurred that the regeneration density of saplings is directly and positively affected by the herb layer cover ( Figure 6C ). This finding may be closely related to the plant functional type. Zhu et al. [28] stressed that the high regeneration density of shade tolerant species might create a trade-off among different factors in forest gaps that had higher light intensity environments than those in an understory forest. Our results partially support this finding because the sapling of Abies faxoniana, a common shade tolerant species, might benefit from a low light environment with sufficiently high herb and shrub layer coverage for survival. Concurrently, the herb layer and shrub layer could also protect the saplings from harsh weather conditions in gaps [46] . However, the competition among plants cannot be ignored if a niche overlap of plant communities or resources limited within late-successional gaps, which slowly revert to those of closed forest, are present [3] .
The classification criteria for different life stages of plants were not consistent [27, 47] , and the late regeneration of plants is also one of important focuses of gap regeneration research [2, 19] . Numerous studies have considered environmental variables as important drivers of plant survival and growth because of the strong correlations between these drivers in forest gap research [48, 49] . However, vegetation interactions are also an important factor in regeneration dynamics [50] . In fact, the early regeneration plant densities had a direct effect on the late regeneration plant density. Our results support that the Abies faxoniana small tree density is positively and moderately explained by the sapling density ( Figure 6D ). Moreover, our SEM also indicated the direct and/or indirect effects on the small tree density through other variables. Thus, the influence of other factors cannot be denied, and the mechanisms influencing gap tree regeneration were not single ecological processes. Table 4 . Standardized total effect, indirect effect and direct effect of predictor variables on Abies faxoniana regeneration for the best SEMs shown in Figure 2 . HY, T, PPFD, PA, SC, GA, STC, GO, HC, MLT, DS, DST, and HDR represent gap heterogeneity, temperature, photosynthetic photon flux density, plot area, shrub coverage, gap area, soil total C, gap openness, herb coverage, the moss layer thickness, density of Abies faxoniana saplings, density of Abies faxoniana small trees, and the HD ratio of the tallest Abies faxoniana small trees, respectively. Aiba and Kohyama [51] stressed that the maximum tree height could reflect the competitive capacity of light capture along a vertical gradient. Furthermore, the HD ratio of the tallest Abies faxoniana small trees was also applied to indicate plant competition for resources in forest gaps such as light, nutrients and water [10] . Our results showed that the HD ratio was directly affected by the shrub cover and small tree density. The appropriate shrub coverage is conducive to Abies faxoniana regeneration in forest gaps and has been discussed in our study. However, a favorable micro-environment is not only beneficial to an increased regeneration density but also promotes plant competitiveness. Our results concurred that the HD ratio of the tallest Abies faxoniana small trees in forest gaps was positively associated with Abies faxoniana regeneration density. This finding indicated that features of plant regeneration might respond differently to influence factors but might also have internal relations. Overall, in addition to the competition, intraspecific mutualism and interspecific mutualism are important relationships in plants. Accordingly, further studies are needed to better understand the relationships between biotic factors and Abies faxoniana regeneration in forest gaps.
Regeneration
Effect of Abiotic Factors on Abies faxoniana Regeneration
Excluding gap size because of its classification as an exogenous variable in our study, studies have reported strong correlations between gap characteristics and regeneration in various forests [15, 28, 52, 53] . In Cameroonian forests, Bongjoh and Mama [54] determined that seedling density was highest in the youngest gaps. However, we did not observe a significant difference in gap age among the gaps in our study. As an important gap characteristic that influences endogenous factors in Abies faxoniana regeneration, gap openness showed an indirect and positive effect on Abies faxoniana regeneration density via herb layer coverage. Specifically, an appropriately high herb layer coverage resulted from larger gap openness and could promote Abies faxoniana regeneration density. According to Vajari et al. [7] , a gap openness >1.0 is the minimum size for Pinus thunbergii regeneration; however, a low level of Abies faxoniana regeneration was observed in the low openness gaps (gap openness > 1.0) and understory. Considering the difference in effect mechanisms among different forests, we concluded that gap openness should be further studied in future gap studies. Furthermore, enlarging the gap openness might be considered by forest management because it could improve the herb layer cover and then indirectly promote the regeneration density of Abies faxoniana small trees.
Gaps play an important role in maintaining the heterogeneity of micro-environments (e.g., temperature, PPFD, and soil) in a forest. Simultaneously, these variables also influence gap floristic establishment, development, and gap composition. For gap regeneration, many studies have focused on the relationships among gap characteristics, regeneration success and the micro-environment above the ground (e.g., light level, air temperature and precipitation) [28, 42, 55, 56] . Poulson and Platt [57] reported that the amount of light in gaps was related to their topographic position and sky condition. Additionally, direct radiation can also increase the air temperature and precipitation [11] . Our study revealed a higher PPFD in forest gaps than that in the understory under completely overcast sky conditions, and showed a positive influence of PPFD on the HD ratio of the tallest small trees despite the negative relationship between PPFD and Abies faxoniana regeneration density. The air temperature was mainly influenced by elevation and had a direct effect on Abies faxoniana regeneration density. Numerous studies have shown that higher light values were detected in larger gaps [15, 26] . However, if we wished to consider the accumulative total PPFD or temperature in all forest gap areas among different sizes of gaps long-term observations would be required. Combined with the results previous studies, small gaps could be applied in the early period of forest management because these conditions would be more suitable for Abies faxoniana sapling regeneration; moreover, gaps might better meet the requirements of Abies faxoniana small trees in subalpine coniferous forests in southwestern China.
Soil properties reflected several different environmental features of belowground environments and influenced plant regeneration [15, 57, 58] . However, studies on the effects of soil conditions on gap regeneration have not provided clear results. Studies have shown that small gaps had higher C/N ratios (an index for monitoring litter decomposition) than larger gaps [8, 59] . According to Denslow et al. [60] , litter decomposition was not significantly related to gap size. Our results did not detect a significant relationship among gap size, elevation and soil properties, although soil total C, as an indirect but not a major factor, affected the Abies faxoniana regeneration density in the SEM. In this subalpine forest, variations in habitat characteristics and elevation lead to regeneration heterogeneity, a mutual consequence of multiple factors, although additional evidence supporting the edaphic requirements of Abies faxoniana regeneration in gaps was not obtained. To explore the relationship among Abies faxoniana regeneration density, the HD ratio of the tallest Abies faxoniana small trees and soil conditions, we may need to consider additional indices of soil properties (NH 
Direct and Indirect Effects of Forest Gap and Elevation on Abies faxoniana Regeneration in the SEM
The importance of the SEM is that it can be used to detect the influence of forest gaps and elevation on Abies faxoniana regeneration. The variance in plant regeneration in forest gaps was explained by different categorical variables effects as documented by Zhu et al. [28] , and our SEM further indicated both the direct forest gap and elevation effects on Abies faxoniana regeneration and their indirect effects through impacts on the biotic and abiotic factors in gaps.
In our study, gap heterogeneity directly and positively influenced Abies faxoniana sapling regeneration density. Our findings also support the results indicating that gap size had a dissimilar effect on the Abies faxoniana sapling and small tree regeneration densities [15, 61] . More importantly, further studies showed that regeneration is explained adequately by direct effects, but not entirely. An opposite indirect effect could be caused by the same factor to a dependent variable. For example, in our study region, gap size directly and negatively influenced Abies faxoniana sapling regeneration density, and although the total effect was still positive, the indirect effect was also positive. Compared with the direct effect, the indirect effect is more complex. Our results showed that the forest gap exerted multiple indirect effects on the HD ratio of the tallest small trees. For example, gap heterogeneity showed an indirect effect on the HD ratio of the tallest Abies faxoniana small trees via the strengths of the PPFD and shrub layer coverage in forest gaps and was associated with an increase in the HD ratio of the tallest Abies faxoniana small trees. In our study region, the indirect effect of gap size on the HD ratio of the tallest Abies faxoniana small trees was also observed through the Abies faxoniana regeneration density of small trees. Surprisingly, the intermediate factor of an indirect gap size positively affecting the HD ratio of the tallest Abies faxoniana small trees was the active relationship with Abies faxoniana small trees regeneration density in our study; the result may also further confirm that large gap benefited the late regeneration of Abies faxoniana in our study.
According to the SEM results, elevation exerted a purely indirect effect on regeneration. First, as the most important intermediary factor, temperature significantly decreased with high elevation and positively influenced the Abies faxoniana regeneration density and the HD ratio of the tallest Abies faxoniana small trees. Second the indirect elevation effects on the Abies faxoniana small tree regeneration density and the HD ratio of the tallest Abies faxoniana small trees were occurred through biotic factors, although the intermediate factor of temperature did not directly affect them. Additionally, Kramer et al. [42] stressed that soil pH may be a major factor that indirectly and positively influences regeneration density, and regeneration density is surprisingly only slightly influenced by elevation. In short, most studies still showed direct and negative relationships between elevation and regeneration density [42, 62] , although the influence process is still unclear and further studies are needed to elucidate the complex processes.
The relationship between elevation and habitat characteristics is documented by Gale [20] . Accordingly, the proportion of low gaps was negatively correlated with elevation. Unfortunately, we did not find evidence of the influence of elevation on gap characteristics. Such a non-definitive relationship could be caused by the experimental design. In our study, the extensive gaps were not considered and the field survey method of intersect or strip transects may present a clearer relationship between elevation and gap characteristics [3] .
In our study, several different results were presented when analyzing the relationships between exogenous predictors and endogenous predictors using SEM and MANOVA analyses. For example, the non-significant difference result of soil total C in different gap sizes was shown through MANOVA analyses, and the significant relationship between gap areas was still revealed. These differences likely originated from three predominant sources. First, the statistical accuracy was different between the two methods. Second, the data used for analysis in the two methods were not completely equivalent. Third, independent variables need to be grouped in MANOVA analyses; however, the data in SEM are set up without grouping. Additionally, several significant indirect effects can be identified via SEMs but not with MANOVA analyses. For example, the direct effect of gap area on Abies faxoniana sapling regeneration density was non-significant in both the SEM and MANOVA analysis results. However, the SEM result indicated that the regeneration density of Abies faxoniana saplings was indirectly affected by the gap area.
Implications for Management and Gaps
Forest managers striving to identify a balance between protection and utilization must adopt a realistic approach along elevation gradients. For Abies faxoniana regeneration, our results largely confirm the advantages presented by gaps. The negative effect of gap area on the regeneration density of Abies faxoniana (shade tolerant species) saplings seems to overwhelmingly and notably benefit from low-light conditions [15] . This finding supported the lack of effect of a higher PPFD on the regeneration density of Abies faxoniana saplings ( Figure 6C ). For the regeneration of Abies faxoniana small trees, the results in our study were contrary to that of saplings, and the large gaps were more suitable for the regeneration of Abies faxoniana small trees. Therefore, we hold the opinion that smaller gaps provided a better habitat for designing silvicultural schemes and conducting initial forest management. However, during the late regeneration of Abies faxoniana, its higher growth and regeneration rates would continue in large gaps [27] ; therefore, continuous regeneration or low renewal could be promoted by properly increasing the opening area in later management.
The elevation and temperature play important roles in the different life stages of Abies faxoniana regeneration. The regeneration density of Abies faxoniana saplings was more directly affected compared with that of small trees. Furthermore, our SEM further indicated an indirect effect of elevation and temperature through direct and positive biotic factors (e.g., the positive and direct effect of herb coverage on sapling density) effects on Abies faxoniana regeneration. Forest managers cannot easily change the topography or temperature. In these situations, adequate shrub and herb coverage in forest gaps should be considered in forest management.
Conclusions
Despite the limited attributes used for predicting regeneration variables and such complex and involved ecological processes in subalpine coniferous forest gaps along an elevation gradient, our study tentatively demonstrates how forest gaps and elevation affect Abies faxoniana regeneration, both directly and indirectly, through the simplified classification of influencing factors and factors associated with important and typical regeneration indices in SEM. Thus, our study showed that gap heterogeneity (forest gap vs. CK plots), gap size, and elevation favored Abies faxoniana regeneration (sapling density, small tree density, and the HD ratio of the tallest Abies faxoniana small trees) by promoting abiotic factors and positive interactions of biotic factors by imposing different effects on the various factors. Our results showed that forest gaps and elevation seem to simultaneously shape Abies faxoniana regeneration by imposing different on the various factors. Forest gaps appear to affect regeneration more directly, elevation is more strongly correlated with indirect effects. Our results also indicated the importance of elevation and temperature for Abies faxoniana sapling regeneration, illustrating the primary role of Abies faxoniana sapling regeneration density on maintaining small tree regeneration density, and highlighting the different effects among elevation, small tree regeneration density, and herb layer cover on the HD ratio of the tallest Abies faxoniana small trees. Furthermore, the use of an appropriately increased gap size during late regeneration and the avoidance of identically sized gaps when carrying out forest management helps promote low renewal and is useful for maintaining continual regeneration. Figure A1 . Relationship between annual mean temperature and elevation in a subalpine coniferous forest. Partial data were used because some thermometers were lost or did not operate correctly in the non-gap plots in our study, and the data for estimations from the regressions equation of elevation-temperature plots were monitored in the non-gap plots from 2013 to 2015 in our study area. Figure A1 . Relationship between annual mean temperature and elevation in a subalpine coniferous forest. Partial data were used because some thermometers were lost or did not operate correctly in the non-gap plots in our study, and the data for estimations from the regressions equation of elevation-temperature plots were monitored in the non-gap plots from 2013 to 2015 in our study area. LG, MG, and SG represent a large gap, medium gap, and small gap, respectively.
